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Energy Efficiency and IAQ

Simultaneous Improvements
In Relocatahle Classrooms

By M.G. Apte, Ph.D., D. Dibartolomeo, T. Hotchi, A.T. Hodgson, S.M. Lee, Ph.D., S.M. Liff, L.I. Rainer,
D.G. Shendell, Ph.D., D.P. Sullivan, and W.J. Fisk, PE., Member ASHRAE

e designed and constructed four energy-efficient
relocatable classrooms (RCs) to demonstrate tech-
nologies with the potential to simultaneously improve
energy efficiency and indoor environmental quality (IEQ).
Each RC was equipped with two HVAC systems: a standard
10 SEER heat-pump air-conditioning system (HPAC), and an
energy-efficient indirect/direct evaporative cooler (IDEC),
which is suitable for use where outdoor summertime humidi-
ties are moderate to low.
1EQ monitoring results indicate that important concentra-
tion reductions of indoor CO, (implying ventilation increases)
and VOCs (implying potential reduction in health risks)
were achieved while average cooling and heating energy costs
were simultaneously reduced by about one-half, and one-third,
respectively.

Field Study

We placed two high-performance RCs each at a San Francisco
Bay Area elementary school (SDA) and a Modesto elementary
school (SDB). We refer to classrooms of type “A” and “B” located
in SDA and SDB as SDA-A, SDA-B, SDB-A, and SDB-B.

Field study phases included RC design specification and
construction, RC installation at schools and instrumentation;
field measurement and data collection during cooling and heat-
ing seasons, and data analysis. More detail on research meth-
ods is provided by Shendell.!

The high performance RC design used in this study com-
bines available energy efficient construction materials and meth-
ods including additional wall, floor, and ceiling insulation; ceiling
vapor barrier; “cool roof” reflective roof coating, low-emissiv-
ity window glazing; and efficient (T8) fluorescent lighting.2

The IDEC supplies continuous ventilation at =15 cfm (7.5
L/s) per person, even when heating or cooling is not required.
Additionally, compared to the standard heat-pump system, it

consumes about 70% less cooling energy. As it has no com-
pressor and a quiet fan, the noise output from the system is
lower. Incorporated into the IDEC is an 85% efficient (annual
fuel utilization efficiency) gas-fired hydronic space heating
system and an inlet filter system with 65% ASHRAE dust spot
efficiency.’

Both the IDEC and the HPAC system controls, as currently
designed, require that the system be turned on to provide the
required ventilation. In the case of the heat pump system, this
action is tied to the temperature setpoint, such that outside air
is only supplied when heating or cooling is needed. The IDEC
system supplied room air through three 2 ft? (0.2 m?) ceiling
diffusers evenly spaced across the length of the RC, while the
HPAC systems used two.

To study VOC source reduction potential, SDA-A and SDB-
A received alternative low-VOC emitting wall panels, carpet,
and ceiling panels.* Target VOCs were selected based upon
those defined as toxic air contaminants by the state of Califor-
nia and odorous compounds.®* RCs SDA-B and SDB-B were
constructed using the manufacturer’s standard materials. Oth-
erwise, all four RCs were constructed identically. One excep-
tion was that “Nylon-6,6” broadloom carpet was installed in
SDA-B while SDB-B received “Nylon-6” broadloom carpet,
resulting in slightly different VOC emissions profiles.

Results

The patterns of operation of HVAC systems by the teachers
directly influenced classroom IEQ parameters during the school
day. The current design requires both systems to be turned on
to provide the required ventilation. The heat pump thermostat
provides a “fan-only” setting, but the teachers may prefer not
to use it. The IDEC control requirement is simply to be “on”
during occupancy because the fan provides continuous 100%
outside air when operational.
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size diameter and assumed density of 2 g cc™'. Outdoor PM concentrations (0.3 — 5 pm) were 130140 pg m= and 3040 ug m= in the

cooling and heating seasons, respectively.

¢ Assuming an electricity cost of $0.14 kWh' and natural gas cost of $0.60 therm for equipment.

Table 1: Summary schoolday statistics averaged across four occupied high performance relocatable classrooms monitored during
9 to 10 weeks in each of the cooling and heating seasons in Northern California during the 2001 - 2002 school year.

Temperature and CO,

Table 1 presents summarized data from the RCs. The tem-
peratures in the classrooms were similar during the HPAC and
IDEC weeks throughout the cooling and heating seasons, in-
dicating that the systems are comparable at maintaining ther-
mal conditions.

We observed teacher operation of the HVAC systems
was not solely based upon thermal demand. In addition, they
did not always turn the IDEC on in the morning as instructed.
During periods when the teachers did not turn on the
HVAC system, CO, concentrations were observed to rise above
1,000 ppm, with peaks reaching almost 3,000 ppm, irrespec-
tive of the HVAC system. During periods of window-only
use, indoor CO, levels often exceeded 1,000 ppm, indicating
that windows alone may not have provided adequate ventila-
tion. Teachers’ behavior was similar in the heating season,
but the morning heating demands led to more consistent use
of the IDEC. Mean heating season indoor CO, concentra-
tions were 1370+630 ppm and 760+370 ppm for HPAC and
IDEC weeks, respectively. The substantially lower CO, con-
centrations during IDEC operation weeks demonstrate the
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benefits of continuous, adequate ventilation. During the cool-
ing season, average schoolday indoor CO, concentrations
across study RCs were 960+480 ppm (average:=standard
deviation) and 830+530 ppm for HPAC and IDEC weeks,
respectively.

Indoor Pollution

The IDEC system’s continuous ventilation effectively con-
trolled concentrations of indoor-generated pollutants, as dem-
onstrated by the formaldehyde data. Formaldehyde
concentrations during the schoolday in both the cooling and
heating seasons were higher during HPAC weeks than during
IDEC weeks. Cooling season means were 215 ppb and 8+3
ppb, respectively, for HPAC and IDEC weeks. Heating season
means were 149 ppb and 4.5+1.3 ppb, respectively. Lower
formaldehyde concentrations during the heating season likely
were the result of source material aging.

Indoor particulate matter (PM) concentrations generally
were higher than outdoors, indicating that the occupant ac-
tivities were a particle source. During the cooling season with
frequent door and window use, there was increased infiltra-
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tion of PM from outdoors. Average indoor PM

concentrations were lower during HPAC op- 30

eration across the size distribution, but they
occasionally reached very high levels in both
HVAC modes. During cooling weeks, the
HPAC’s recirculation of air through a low-ef-
ficiency filter may have been more effective
than the 65% efficient single-pass filtration of
the IDEC. During the heating season, the
IDEC operation weeks had about 33% lower
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maximum levels. Overall, the indoor PM con-
centrations were much lower during the heat-
ing season.

Figure 1 depicts average indoor-outdoor
VOC and formaldehyde concentrations dur-
ing IDEC operation in the cooling season
(formaldehyde concentrations were divided by
10 for scaling). In SDA-A, constructed with
selected alternative materials, these VOCs were
at consistently lower concentrations than in
classroom SDA-B, built with standard materi-
als. Int the other school district, the pattern is
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not as clear. The source of the elevated formal-
dehyde and acetaldehyde levels in classroom
SDB-A may have been teaching and art mate-
rials. The elevated formaldehyde levels in that
RC were transient, and dropped after a few
weeks. The season average caprolactam con-
centration was 4.8 ppb in classroom SDB-B,
the only RC where Nylon-6 broadloom carpet
was installed. Low to non-detectable caprolactam concentra-
tions occurred in the other classrooms.

The measured concentrations of the selected VOCs across
study classrooms are relatively low. During the Fall 2001 cool-
ing season with the IDEC systems, only the average indoor
minus outdoor concentrations of formaldehyde exceeded 5
ppb, and the concentrations of the majority of the target VOCs
were under 1 ppb. This indicates that neither the standard
nor the selected alternate materials were substantial com-
pound sources. This agreed with laboratory results of stan-
dard and alternate materials conducted prior to the field
investigation.

The effects attributable to the use of alternate materials in
these classrooms were small and continuous ventilation sup-
plied by the IDEC system had a relatively greater impact on
maintaining indoor VOC concentrations at low levels.

Sound

Teachers volunteered that the IDEC system was quieter than
the HPAC system. They all reported that the HPAC system was
noisy when the fan was operating.

The RC sound levels were consistent across HVAC system
and season, averaging just below 56 dBA. A comparison of occu-
pied and unoccupied periods showed that most of the noise
increase above background in the occupied classrooms was due
to occupants, with the HPAC and IDEC system operation con-
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Figure 1. VOC measured in RCs with alternative materials selected vs. those
with standard materials. Data represent average indoor minus outdoor VOC
concentrations during IDEC operation weeks in the cooling season. Formal-
dehyde concentrations are divided by a factor of 10. VOCs labeled with aster-
isks are 1,2,4-trimethylbenzene; 4-phenylcyclohexene; and 1-methyl-2--
pyrrolidinone. The selected compounds reflect those that are listed by Cali-
fornia as toxic air contaminants or for their odorous characteristics.

tributing up to 14 dBA and 11 dBA, respectively. The data in
Table 1 indicate that average RC sound levels were almost the
identical (and not statistically different at the 95% confidence
level) during operation in both seasons. This does not agree with
the teachers’ statements that the IDEC operated very quietly. It is
possible that a systematic bias in sound level measurements was
introduced by the location selected for the sound level monitors
in this study.

Energy Efficiency

Table 1 shows the average energy costs for operating the
HVAC during the cooling and heating seasons were lower with
the IDEC/hydronic gas heat system than for the HPAC system.
On average, cooling costs were halved and heating costs re-
duced by about a third, while more outside air was concur-
rently provided for ventilation.

Conclusions

The goal of this study was to demonstrate the potential to
design buildings that can simultaneously use less energy and
improve IEQ. The data presented here show clearly that such
win-win design implementation could be made in relocatable
classrooms, and by inference, in other building types. The dif-
ferences shown in the comparison between the standard HPAC
and the IDEC hybrid are simply a function of improving HVAC
energy efficiency and providing adequate and continuous ven-
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tilation. The addition of more ventilation could provide simi-
lar results, although the potential improvements in energy effi-
ciency of HVAC systems, conventional or otherwise, may
provide the greatest savings. Likewise, within limits, designs
including indoor pollutant source reduction can potentially
reduce ventilation demands.

In this study we were able to show particular reductions in
VOC and formaldehyde concentrations by providing a system
that assured continuous ventilation. Our efforts in source re-
duction through careful materials selection did yield somewhat
lower VOC concentrations in general, but not to as great an
extent as the provision of improved ventilation. Energy savings
from the advanced HVAC system were very significant.

The addition of improved outdoor air filtration efficiency
on the IDEC system did not appear to provide expected in-
door particle concentration reductions, largely due to high
indoor particle generation rates in the classroom setting.
Teacher reports indicated that noise problems were improved
during IDEC system operation weeks, but this was not clearly
indicated in the conventional A-weighted sound measurements
conducted during occupied periods in the classrooms. This
discrepancy warrants further investigation into mitigating
acoustic problems in relocatable classrooms.

These overall results suggest that it is possible to use effi-
cient engineering solutions to simultaneously reduce energy
consumption and improve indoor environmental quality.
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New Chair Begins Term

Next Steps
For SSPC 62.1

While all will not agree with my assess-
ment of our current position, and with the
full understanding of the immensity of the
task before us, 1 will do everything possible
as SSPC 62.1 chair to achieve consensus,
and to encourage and involve all interested

and concerned parties in the process.

By David Butler, P.E.,
Presidential/Fellow/Life Member ASHRAE

I joined Standing Standards Project Committee 62.1 in 1999
with many preconceived ideas regarding the quality and sub-
stance of the standard and the committee as a whole. These
ideas were born of years of frustration
with applying a standard which, in my
opinion as a designer, was sorely lacking.
I was convinced by my experience and
by comments of other designers that we
would never have an IAQ standard of any
value to anyone and that “special inter-
ests” (whoever that was) had complete
control of what was developed.

Fortunately, many of these ideas were
ultimately proven to be wrong. The obvi-
ous experience, knowledge, and commit-
ment of Standing Standards Project Committee (SSPC) 62.1
members quickly dispelled many of my concerns.

The commitment and the leadership provided by Andy
Persily, Ph.D., Member ASHRAE, enabled an almost amazing
transformation of the standard during the past four years to a
more complete, useful document.

While all will not agree with my assessment of our current
position, and with the full understanding of the immensity of
the task before us, I will do everything possible as SSPC 62.1
chair to achieve consensus, and to encourage and involve all
interested and concerned parties in the process.

Butler

Standard 62 Addenda
Standard 62 Addenda 62g, 62k, 62n, 62x, and 62ae re-
ceived the Board of Director’s approval for publication in July

IAQ Applications/Fall 2003



